We present experimental and theoretical study of the femtosecond light-assisted field electron emission from nanocarbon films. We demonstrate that irradiation with intense femtosecond laser pulse allows one to achieve electron emission density of up to 13 nC/cm 2 at a moderate applied static electric filed. The developed model well describes obtained experimental results and allows us to visualize physical mechanisms including heating of electron gas, multiphoton photoionization, and the space charge formation, which are responsible for the observed phenomena.
Background
The electronic sources based on laser assisted electron emission have found applications in different fields of science and technology including particle accelerators [1] , free electron lasers [2] , and modern photovoltaic systems [3] . The laser assisted electron emission has opened a way towards the time resolved electron microscopy [4, 5] because electrical gating and source control enable time resolution down to picoseconds, while using optical control enables creation of electron pulses with duration down to tens of femtoseconds [6] . Such dense and short electron bunches can resolve important problems in electron microscopy, X-ray microscopy, and time-resolved electron diffraction, which is of special interest for industry and science. However, development of such electron sources requires cathode materials, which are capable to provide a high density electron current and possess a high ray stability [7] [8] [9] . One of the most promising materials here are nanocarbon films (NCF) consisting of disordered graphene sheets [10] that demonstrated high efficiency of the field electron emission and durability with response to laser treatment. Owing to their unique structure and relative simplicity of the fabrication process, NCF are promising for various applications in electronic devices. However, implementation of the NCF in practice implies getting more information on the electron emission mechanism. This paper reports experimental results and theoretical analysis aiming at the mechanism of the ultrashort laser pulse assisted electron emission from NCF.
Methods
The NCF was deposited on the n-doped silicon substrate by using chemical vapour deposition (CVD) of the hydrogen-methane gas mixture [10] . One can observe from Fig. 1 that the fabricated film is composed of multilayer graphene crystallites, which are 2-20 nm thick and have lateral size of 1-3 μm. The crystallites are oriented preferably perpendicularly to the substrate and separated from one another by 0.5-1 μm.
Electron emission measurements were performed in a diode configuration with flat cathode and anode electrodes. The cathode was composed of NCF film deposited on the 20 × 20 mm 2 n-doped Si substrate, which was attached to a glass plate with indium contact layer. The anode consisted of 25 × 25 mm 2 glass plate covered by a transparent indium tin oxide (ITO) layer. The transmittance of the anode was about 80% in the visual wavelength spectral range. The glass plates holding anode and cathode electrodes were glued to each other by a vacuum epoxy glue. The distance between surfaces of NCF (cathode) and ITO (anode) was fixed at 500 μm by nonconductive spacers. The field emission threshold for NCF cathode was about 2 V/μm [11] , which corresponds to 1000 V threshold voltage. In our experiments, the applied voltage did not exceed 500 V to prevent the field emission influence on the measurements of the laser assisted emission.
In the laser-assisted electron emission experiment, we employ the femtosecond Ti:sapphire laser (CDP Tissa 50), which provided 50 fs pulses at 800 nm with repetition rate 50 Hz and the energy of up to 0.8 mJ. The pulse energy was controlled by optical attenuators and measured by a power meter (Thorlabs). The laser beam diameter was fixed at 4 mm by an aperture. The second harmonic beam was produced by BBO crystal (labelled as SHG in Fig. 2 ). We performed laser assisted filed emission measurements at the angles of incidence of 90 and 45°for the fundamental (800 nm) and the second harmonic (400 nm) beams, which were cross-linear polarized. The excitation wavelength was selected by aligned grid polarizers P1 and P3. The energy of the incident laser pulse was varied by rotating Glan polarizer P2. Beam splitter and fast photodiode PD were employed to control the incident pulse energy. The photodiode was calibrated by power meter for in-situ pulse energy measurement. The irradiated area on the cathode did not exceed 0.12 cm 2 at normal incidence angle. The mutual orientation of the polarization azimuth of the incident beam and the cathode was varied by rotation the diode around substrate normal. In our experimental conditions, we did not observe any degradation of NCF film under irradiation with intense laser pulses. This indicates that energy density in the incident laser pulse was below the damage threshold.
Results Figure 3 shows the dependence of the emitted charge on the energy of the incident pulse and applied voltage. One can observe from Fig. 3 that the laser assisted emission has pulse energy threshold, which corresponds to the switching of the emission mechanism from multiphoton to thermionic as the pulse energy increases. Under femtosecond excitation, the thermionic regime, which is related to the heating of electron gas by the light pulse, can be described in the framework of the two-temperature (electron-phonon) model.
The electron emission from the NCF cathode is suppressed by the volume charge, which is accumulated above the cathode surface. The volume charge manifests itself as a saturation-like dependence of the emitted charge on the laser pulse energy when the applied voltage is below 100 V. However if the applied voltage is above 100 V, the emitted charge is nearly linear function of the pulse energy. The dynamics of the electron emission under femtosecond excitation involves complicated charge redistribution. In particular, repulsion from the cloud of already emitted electrons results in the partial reabsorption of the emitted electrons by the NCF [12] . Fig. 1 The scanning electron microscope image of the NCF deposited on the silicon substrate Fig. 2 Laser-assisted emission measurement setup. The 50 fs long pulses at wavelength of 800 nm were provided by Tissa 50 Ti: sapphire oscillator and amplifier. Beam diameter was fixed to 4 mm by the aperture A. Nonlinear crystal SHG provided second harmonic pulses at the wavelength of 400 nm. The fundamental and second harmonic beams are orthogonally polarized. The excitation pulse wavelength was selected by co-aligned grid polarizers P1 and P3. The energy of the incident pulse was controlled by the Glan polarizer P2. The energy of the incident pulse was measured by silicon photodiode PD, which was calibrated by a power meter for each wavelength and polarization of the incident pulse One can observe from Fig. 3 that by varying the applied voltage and the laser pulse energy one can control the emitted charge from 0.03 nC (it corresponds to the emission charge density of 0.24 nC/cm 2 ) up to 1.6 nC (13 nC/cm 2 ). From the polarization and wavelength dependence of the emitted charge shown in Fig. 4 one can observe that under normal incidence, the increase of photon energy hardly affects the emission efficiency (see Fig. 4c and d) . This indicates that thermionic mechanism dominates emission above the threshold. Moreover, from Figs. 4a and b one can see that that increasing the photon energy shifts the threshold position, while the slope of the dependence of the emitted charge on the pulse power remains nearly the same also indicating the thermionic regime of the emission above the threshold.
Discussion
The obtained experimental results on the laser assisted emission from NCF can be analysed in the framework of the two-temperature model, which describes the observed phenomena in terms of coupling between electron and lattice systems of the graphite flakes that compose the NCF. Under irradiation of NCF with intense femtosecond pulses, the energy of photons is transfered to electrons creating an ensemble of hot electrons. In order to estimate the electron temperature we need to determine the free electron density, which can be considerably higher than its equilibrium value of about 10 19 cm −3 [13] .
The light absorption in graphite is determined by intraband and interband transitions. Under weak illumination, the interband absorption dominates due to relatively low concentration of free carries. The interband transitions lead to linear absorption coefficient of α inter = 5 × 10 5 cm − 1 [14, 15] and the free carriers photoexcitation rate of
where P is the incident pulse intensity and ℏω is the photon energy. The intraband absorption can be described in terms of the Drude model taking into account dependence of the plasma frequency ω p on the free carrier concentration N el [16] . In the Drude model framework, the dielectric permittivity is determined by the following equation:
where ε ′ and ε ″ are real and imaginary parts of dielectric permittivity, ε ∞ = 2.5 and τ ≈ 10
is the electron momentum relaxation rate. The plasma frequency is scaled with N el as
where N 0 el is the equilibrium free carriers density. In equilibrium conditions, the plasma frequency for graphite can be estimated as ℏω p N 0 el À Á ¼ 0:9 eV is [17, 18] . The intraband absorption coefficient can be presented in the following form:
The power density absorbed by electronic system of the NCF via inter-and intraband transitions is Q abs = P(α inter + α intra ).
The temporal evolution of the electron ensemble temperature T is described by the following heat transfer equation:
where C(T) and C ph are the electron and phonon heat capacitances, T ph is the lattice temperature, τ ph is the rate of the energy transfer from electron ensemble to the lattice. The first term in the right-hand side of Eq. (5) describes the electron-phonon coupling, which can be very strong in graphene-like structures [19] . It has been recently shown that τ ph can be comparable to laser pulse duration [20] resulting in fast cooling of electronic Fig. 3 The laser pulse energy dependence of the electric charge collected at the anode when the NCF cathode was irradiated by the fundamental (800 nm) beam. Inset shows the results of measurements at the applied voltage of 0 and 10 V. The measurements were performed at normal incidence system [21] . In numerical modelling, we used τ ph ≈ 30 fs [20, 22] assuming that phonon temperature stays constant during electron emission process due to large phonon heat capacitance. The electron heat capacitance can be obtained from the following equation: cm −3 [23] . This model allows us to obtain temperature of the electron gas under femtosecond laser excitation.
The numerical simulation of the electron ensemble temperature using Eqs. (5, 6) shows (see Fig. 5 ) that the electron temperature increases up to 5500 K under irradiation of NCF with 0.75 mJ pulse. This result well corresponds to the electron heating in highly ordered pyrolytic graphite films reported in Ref. [21] .
In order to take into account the space charge, which is formed at the laser pulse front [21, 24] , we use approach [24] , which describes the thermionic emission taking into account multiphoton processes. One can see from the Fig. 6 that the theory predicts a threshold-like dependence of emitted charge on the pulse energy in a good correspondence with experimental results. At low temperature (i.e. at a low pulse energy) we observe exponential growth of the emitted charge in accordance with the Richardson-Dushman equation. When the electron temperature exceeds 2500 K, the electrostatic energy of space charge becomes higher than the thermal energy and the emission is suppressed by the space charge formation. As a result, the emitted charge shows nearly linear dependence on the electron temperature. The thermionic emission takes place when the laser pulse energy exceeds 0.1 mJ (see Fig. 6 ). Results of our experiment shown in Fig. 4 confirm that multiphoton photoemission dominates the electron yield [24] when the pulse energy is below 0.1 mJ.
The threshold electron temperature corresponds to pulse energy of 0.1 mJ (see Fig. 6 ) when the switching the emission regime from multiphoton to thermionic occurs. At the laser pulse energy below the thermionic 
Conclusion
We performed experimental and theoretical study of the laser assisted electron emission from nanocarbon films.
In the experiment, we demonstrate that the density of the electric charge collected at the anode of the vacuum diode with the NCF cathode can be as high as 13 nC/ cm 2 under irradiation with laser pulse with energy of 0.75 mJ and duration of 80 fs at the applied bias voltage of 500 V. The dependence of the emitted charge on the applied voltage evidences the accumulation of spatial charge, which can suppress electron emission at a low bias. The obtained dependence of emission efficiency on excitation wavelength demonstrates the importance of multiphoton processes in the laser-assisted emission. By using results of the performed experiment, we developed the two-temperature model of the assisted emission that takes into account laser heating of the electron ensemble and energy exchange with the lattice. The model well corresponds to the experiment and can be used for development novel light-controlled sources based on nanocarbon cathodes. 
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